Abstract: A radially periodic slab waveguide grating of concentric circular lines composed of a corrugated quartz substrate and a ZnS waveguiding layer under the condition of normal incidence TE 0 mode coupling at the 442-nm wavelength of a circularly polarized HeCd laser exposure beam causes a close to 100% reflection of the local TE polarization and a high transmission of the local TM polarization, thus transmitting a radially polarized beam. The functionality demonstration is first made with a grating written by e-beam; then, the same element is obtained by means of a phase-mask projection with radial spatial frequency doubling with the first element used as a radial polarizer.
Introduction
The optics of cylindrical waves and beams is gaining interest with the development of axicons [1] and of beams of radial and azimuthal polarization distribution [2] . Whereas the shelf of planar optical elements for plane waves is very well provided, that for the processing of cylindrical waves is still to be completed. There is one element in particular that is bond to play an important role in the future; it is a polarizer filtering out an azimuthal polarization distribution from an unpolarized or circularly polarized incident beam and letting through the radially polarized distribution. Such elements do exist already, i.e., the wide-band liquid-crystal-based polarization transformer of Arcoptics [3] , the photonic crystal based polarizer of Photonic Lattice [4] , and the form birefringence subwavelength grating of [5] . The objective in this paper is to create a radially (or azimuthally) exposure light beam for photolithographic purpose in the blue and near-UV wavelength range, for instance, to create a grating at the wall of a cylinder [6] or to manufacture a grating-based polarizing laser mirror of circular lines [7] . In this objective, there is no need of a wide bandwidth and of the utmost efficiency as exhibited by the elements referred to in [3] - [5] . The concern here is mainly structure simplicity and cost. To that end, the resort to resonant reflection [8] , [9] from a single layer corrugated waveguide is relevant, and we will show that such an element performs adequately, and, furthermore, that it can be fabricated at low cost by phase-mask transfer. Accordingly, this paper comprises two distinct parts. Section 2 is devoted to the design of a circular-line grating-waveguide polarizer reflecting the local TE polarization and transmitting the TM polarization, and to its fabrication involving direct e-beam writing, fused quartz etching, and high index waveguide layer deposition. Section 2 ends with the measurement of the polarization properties of this radial polarizer. In Section 3, the proof is made that, by using the radial polarizer of Section 2 across a collimated exposure beam at 442-nm wavelength, it is possible to print a new one by phase-mask projection, the phase mask having circular lines of double the radial period.
Functionality Demonstration of a Resonant Grating Polarizer
This section concerns the design, fabrication, and characterization of a radial polarizer made of a circular line grating operating at 442-nm wavelength according to the effect of waveguide grating resonant reflection [8] . As represented schematically in Fig. 1(a) , the optical function of the grating element is to resonantly reflect the local TE polarization of a circularly polarized incident beam (the local TE polarization is defined as the electric-field polarization locally parallel to the local direction of the grating lines) and transmit the local TM polarization, which amounts to a radially polarized transmitted beam. Setting the operation point of the resonant reflection at 442-nm wavelength under normal incidence requires the fulfillment of the phase matching condition K g ¼ k 0 n e [9] , where K g ¼ 2=Ã is the corrugation spatial frequency, k 0 ¼ 2= is the wavenumber in vacuum, and n e is the TE 0 mode effective index. The effective index of a slab waveguide without corrugation (or with weak corrugation) is given in terms of the optogeometrical waveguide parameters (thickness/wavelength ratio, waveguide, substrate, and cover medium refractive index) by the wellknown transcendental dispersion equation [10] . This equation can however only be used here to very approximately define the grating period. As sketched in Fig. 1(b) , the waveguide with high index ZnS at the bottom of the grooves and at the top of the lines is far from a simple slab; therefore, the fulfillment of the synchronism condition is made numerically by optimizing the free space wave TE polarization reflection under normal incidence at ¼ 442 nm with the slab effective index n e as a departure point of the optimization. Fig. 1(c) shows in false colors that the TE 0 electric modal field in the ZnS waveguide is far from being constant over one period; it vividly illustrates that there is no transmitted TE field and that the TE polarization reflection is mediated by the field accumulation in the TE 0 mode coupled by the grating. The optimization parameters are the groove depth and duty cycle, and the period. This search by means of Lyndin's codes [11] delivers the TE and TM transmission spectra in the neighborhood of 442-nm wavelength of Fig. 2 curve (a) , where the TE transmission is close to null, and that of the TM polarization is close to 100%. Having opted for the resonant reflection of the local TE polarization gives a particularly wide resonance, thus some tolerance on the geometrical parameters. The optimized structure, with 1.46 and 2.4 quartz and ZnS refractive index, respectively, has 256-nm radial period, line/space ratio equal to 1, 65-nm groove depth, and 65-nm ZnS thickness. The peak of TE resonant reflection is wide as a result of the high index contrast between waveguide and substrate, and of the essentially constructive interference between the diffraction products of the two conformal undulations in the normal direction. There is a TM reflection peak also, centered at a shorter wavelength since the effective index of the TM 0 mode is smaller than that of the TE 0 mode, and its width is notably narrower since the radiation coefficient of the grating in the normal direction is weak [note that the modeling curves of Fig. 2(b) ] refer to the actual structure represented in Fig. 4 and will be discussed at that point).
It is important to notice at this point that the design of the circular resonant grating is made above under the implicit assumption that what is known and proven in the case of a rectilinear resonant grating [9] can be transposed to the case of circular gratings; whereas there are phenomenological representations of the former [12] , no such representation exist for the latter to the best knowledge of the authors. In particular, the question of what happens physically in the central waveguide grating zone remains open, although numerical techniques can be applied locally. We have therefore adopted a pragmatic stance whereby the circular line resonant grating is assumed to behave locally like a rectilinear resonant grating down to a radius of the order of the propagation length of the coupled mode in the grating waveguide, which is estimated from Fig. 2 to be about 100 m. This is why no line of radius smaller than 100 m was written. Writing only grating lines of radius larger than this lower limit is legitimated by the fact that the radially polarized beam propagates in the form of a donut transverse far field profile, i.e., the central part of the grating element plays a minor role in the formation of the radially polarized beam.
The circular line grating of Fig. 1(a) was first written on a resist-coated fused quartz substrate by means of a Vistec SB350 OS e-beam writer and then etched by reactive ion etching. Continuous lines of 128-nm width with radially dependent azimuthally constant curvatures are difficult to write, especially in the zones where the line orientation is in the neighborhood of 22.5 relative to the machine axes. In the lithographic exposure process, the azimuthal grating lines have to be approximated by rectangular exposure shapes, which are exposed shot by shot. The rectangles can be oriented along the axis of a Cartesian coordinate system or tilted by 45 . Thus, in the odd multiples of 22.5 orientation, the exposure-shot approximation of the grating grooves requires the smallest shot sizes, while along the even multiples of the 45 directions, the shot size is the largest. Due to dynamic resist response effects, such as a thermo-effect, the local duty cycle of the gratings varies by small amounts, which is revealed by an 8-fold symmetry corresponding to the orientations of the exposure shots seen in a microscope image of the structure. The visibility of this effect increases the smaller the grating period is. Several gratings of different duty cycles were therefore printed. After the groove etching, the corrugated fused quartz substrate were submitted to ZnS evaporation. The resulting functional element was characterized optically by a circularly polarized beam of a HeCd laser at 442-nm wavelength impinging normally to the surface. The polarization of the transmitted wave was analyzed by a linear polarizer. The resulting intensity profile is shown in Fig. 3 to exhibit the typical bowtie profile of a linearly filtered radial polarization.
The polarizing characteristics of the element were evaluated quantitatively by shining a linearly polarized probe beam of diameter smaller than 1 mm centered at about 2.5 mm from the grating center close to the rim of the grating area of 3-mm radius where the grating lines can be considered as approximately straight over the probe beam cross section. Fig. 4 represents the typical polarization-resolved transmission spectra obtained at 442-nm wavelength. The general pattern is conformal to the expected spectra of Fig. 2(a) with the presence of the TE and TM reflection peaks. The TE transmission dip minimum is located very close to the prescribed wavelength. The rejection of the TE polarization is as large as 97%, whereas about 80% of the TM power is transmitted and actually more since the Fresnel reflections were not accounted for. The line curvature in the ca 1-mm diameter measurement spot also leads in principle to an underestimate of the TE rejection, but this effect is less than 1% in the present measurement conditions. This ratio of transmissions is more than sufficient for photolithographic purposes with a photoresist set in its nonlinear regime. This statement is explained hereafter in the case of the Shipley photoresist SPR505A used in Section 3. In the typical smoothed step function giving the development rate versus the exposure dose, an interferogram prints a latent grating in the photoresist layer with a dose of 120 mJ/cm 2 , i.e.,. close to the upper-right elbow of the curve. If another interferogram of different spatial frequency 
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Waveguide Grating Radial Polarizer or simply a uniform light background, delivers during the same time a dose smaller than 50-60 mJ/cm 2 (i.e., about 50% the dose of the first interferogram), the latter will not be printed. In the present case where the TE polarization transmission is less than 10%, any latent image that the latter could give rise to will not be printed.
The azimuthal uniformity of the element was estimated by measuring the TE and TM transmission upon the rotation of the latter with the beam impact close to the grating rim. As shown in Table 1 , the relative uncertainty (2 standard deviations) was measured and leads to an azimuthal variation of 8.4% for TE transmission and 3.1% for the TM transmission. This again is too small a variation to have an impact on the contrast of the latent grating printed in a photoresist layer in its nonlinear regime. The angularly resolved measurements do not exhibit a cyclic dependence, which could incriminate a notable angular variation of the silica corrugation duty cycle.
The actual waveguide grating cross section was analyzed by submitting a slice of the structure cut by focused ion beam to a scanning electron microscope. The resulting image of Fig. 5 shows that the bottom and top undulations of the ZnS waveguide layer are not strictly conformal and that the evaporation of ZnS tends to smooth the upper profile. This does not affect at all the very existence of resonant reflection but may shift the resonant reflection peak to a slightly different wavelength.
This effect has been modeled by submitting the SEM cross section to Lyndin's Chandezon code [11] where corrugation profiles of arbitrary shape can be entered. The resulting transmission spectra are shown in Fig. 2(b) ; although the line/space ratio is far from 1 and the two undulations not quite conformal, the general pattern of the transmission spectra is essentially the same as that Fig. 2(a) . There is a slight blue shift of the resonance, which corresponds to a TE 0 mode effective index slightly smaller than aimed at.
Low Cost Phase-Mask Lithography of the Radial Polarizer
In Section 2, the modus operandi of a radial polarizer based on resonant grating reflection was described, and its experimental demonstration made in the form of a ZnS-coated corrugation in a fused quartz substrate after the circular grating lines have been defined by direct e-beam writing. This section reports on the use of this very polarizer in a phase-mask lithography bench aimed at defining the circular grating by much simpler means.
Printing a 6-mm diameter circular grating of 256-nm period by electron beam pattern generator is difficult and long (75 minutes), thus costly. The fabrication scheme of this section is that of a new type of phase-mask transfer. It is known that phase-mask transfer under normal incidence is characterized by a doubling of the phase-mask spatial frequency as a result of the interference of the þ1st and À1st diffraction orders of the phase-mask grating; thus, a 256-nm radial period grating can be printed by a single exposure at 442-nm wavelength of a circular grating of 512-nm radial period. 512-nm period curved grating lines are notably easier to write by e-beam, and the effect on the duty cycle of the writing strategy in 22. 5 oriented line segments is correspondingly smaller. A 6-mm diameter phase-mask grating of circular lines, 512-nm radial period, and prescribed duty cycle was e-beam written and then dry etched into a Si 3 N 4 layer of prescribed thickness on a fused quartz substrate. The conditions on the duty cycle and groove depth are discussed hereafter. The optical phase-mask transfer to print the desired 256-nm radial period on a photoresist-coated quartz substrate is made without immersion with the phase mask and the photoresist-coated substrate simply clamped, the incident exposure beam at 442-nm wavelength being polarized radially by the element of Section 2.
The phase-mask exposure bench is shown in Fig. 6 . A single-mode polarization-maintaining fiber with microoptic collimator delivers a linearly polarized beam, which is first circularly polarized by a 442 nm half-wave plate. The circularly polarized beam passes through the radial polarizer of Section 2 as sketched in Fig. 1(a) . The next element is a crystal quartz polarization rotator with c-axis along the propagation direction transforming the radial to the azimuthal polarization so that the incident polarization of the electric field is locally tangent to the circular lines of the 512-nm period phase-mask grating at every point of the beam cross section (TE local polarization). This is a prerequisite for a high contrast þÀ1st order phase-mask interferogram. If the incident beam would be radially polarized (the magnetic field tangent to the phase-mask grating lines), the resulting þÀ1st-order TM interferogram would inherently have a nonzero uniform light background, smaller modulation amplitude, and thus a smaller contrast, which could be zero in case the þ and À1st orders are orthogonal to each other.
The most critical problem in the phase-mask grating is to achieve near to complete cancellation of the transmitted 0th order so as to prevent the formation of the spurious double-period TE Fig. 6 . Sketch of the 512-nm radial period phase-mask transfer setup for the printing of 256-nm period radial polarizers using the element Section 2 as a radial polarizer.
interferogram between the 1st and the 0th order superposed to the desired þÀ1st order TE interferogram. The phase-mask grating duty cycle and the depth of the corrugation must be adjusted to this end. It was shown [13] that the transmitted 0th order cannot be cancelled in a standard phase-mask grating consisting of binary grooves etched into its fused quartz substrate whatever depth and duty cycle when the period/wavelength is so small (512/442), and that the binary corrugation must be etched into a high index layer deposited onto the fused quartz substrate to enable a cancellation of the 0th order. This is what a LPCVD silicon nitride layer of refractive index close to 2 permits with a groove of 266-nm depth all through the Si 3 N 4 layer and 1.2 line/ space ratio as found by Lyndin's optimization code based on the true-mode method [11] . The optical function of the phase mask is vividly shown in Fig. 7 , which is a perspective picture of the 3-D angular spectrum of its radially periodic circular phase-mask grating under normal incidence in the exposure turret of Fig. 6 without the presence of the resist-coated substrate. The grating diffracts in the form of two cones whose traces on a screen have an azimuthally uniform intensity thanks to the azimuthal polarization of the incident beam. The 0th order (spot in the center) is confirmed to be relatively weak. The resist-coated substrate will be placed in contact with the phase mask in the region where the two light cones overlap and thus interfere.
The transferred circular photoresist grating of 256 nm radial period is not easy to characterize optically since so small a period does not diffract visible light. One astute way of having this circular resist grating to execute a recognizable diffraction function was to submit it to the flash of a camera under an angle close to the À1st Littrow angle for the 256-nm period in the blue, which is in the 60 range [14] , and to take a picture of the grating area, which should bear a signature of the Littrow reflection. This is what Fig. 8 confirms indeed ; upon a white flash illumination under about 60 incidence, the picture of the grating taken by the camera reveals the existence of a fine and dim blue line of 6-mm length, which is the À1st order sent back into the camera. This line is blue since the incidence and À1st order diffraction are essentially antiparallel, it is dim since the transferred photoresist grating is not optimized to exhibit a strong À1st order; it is very fine since only the part of the grating lines located in the incidence plane along a grating diameter diffract back into the camera. As from here, the same processes as in the element defined by direct e-beam writing are used: dry etching of the fused quartz substrate followed by the deposition of the ZnS waveguide layer.
Conclusion
A novel polarization analyzer based on resonant grating reflection permits to separate the azimuthal from the radial polarization distribution of an unpolarized or circularly polarized incident beam in the blue range of the spectrum. This spatially noninvariant polarization function was demonstrated by a circular grating printed by electron beam. This very first element was then used as the radial polarizer in a phase-mask exposure setup aiming at replicating it at much lower cost. This represents an extension of the application domain of phase-mask lithography.
The 3-dB loss penalty of this polarization filtering principle is not a handicap in photolithography where the most important features of the exposure wave are its spatial coherence and its vectorial field distribution.
